synthetic oligonucleotides. The During the last 20 years, much attention has focused on the molecular mechanisms involved in the microbial degradation of herbicides and pesticides. For many extensively used compounds, the metabolic pathways involved in the degradation process are well characterized, and in many cases, the genes for the respective enzymes were shown to be plasmid encoded. The dissemination of biodegradative genes by bacterial plasmids has led to the rapid evolution of certain specialized strains capable of using these xenobiotic compounds as substrates. Besides this fact, one has to be aware that most pesticides are degraded by cometabolism (14) . For organophosphate, carbamate, acylanilide, and phenylurea pesticides, hydrolases are important for the initial steps of degradation (14) . Our interest has focused on the biodegradation of the phenylcarbamate herbicide phenmedipham [methyl(3-methylcarbaniloyloxy)carbanilate], which is commercially used in sugar beet (1) . Besides some reports on the isolation of hydrolytic enzymes from microbial sources cleaving carbamate linkages (15, 16, 22, 24, 39, 40) , little is known about the genes encoding these enzymes.
In this communication, the purification to homogeneity of a carbamate hydrolase from Arthrobacter oxydans P52, a physical map of the wild-type plasmid pHP52 harboring the gene, and the isolation as well as the nucleotide sequence of the pcd gene encoding the enzyme are reported. Some data on the properties of the enzyme are also presented. The sequence homology of the phenmedipham hydrolase (PMPH) with esterases of eukaryotic and prokaryotic origin is discussed. The isolation and characterization of a carbam-* Corresponding author. ate hydrolase gene would make possible the genetic engineering of bacteria with enhanced or novel detoxification properties. Upon transfer of the gene to plants, the gene would then potentially be able to specify herbicide resistance.
MATERIALS AND METHODS
Bacterial strains, plasmids, bacteriophages, and growth conditions. Minimal medium (MM medium) used for the screening of soil bacteria and for the growth of A. oxydans P52 contained NH4Cl (1.0 g/liter), MgSO4. 7H20 (0.25 g/liter), KH2PO4 (3.0 g/liter), Na2HPO4 2H20 (7.0 g/liter), NaCl (0.5 g/liter), glucose (2.0 g/liter), H3BO3 (0.5 ,ugfliter), CuSO4 5H20 (40 ng/liter), FeCl3 6H20 (0.2 ,g/liter), MnSO4 7H20 (0.4 ,ug/liter), ZnCl2 (0.4 ,ug/liter), and (NH4)6Mo7024 7H20 (0.2 ,ug/liter). Solid media (MM plates) were prepared with the addition of 1.5% agar (Difco).
A. oxydans P52 was grown with aeration at 28°C. Escherichia coli DH5 (GIBCO-BRL) was used for subcloning experiments with the pUC19 vector (42) . E. coli DH5 F' (GIBCO-BRL) was used for cloning in M13mpl8 and M13mp19 bacteriophages. E. coli strains were grown in LB medium (25) . LB medium was supplemented with ampicillin (100 ug/ml) when appropriate. All incubations were at 37°C.
Enzyme assays. For monitoring the enzyme activity of the phenylcarbamate hydrolase during purification, a semiquantitative radial plate-diffusion assay was developed. Agarose test gels containing 10 mM sodium phosphate (pH 6.8), 1 mM dithiothreitol, 0.5% (wt/vol) agarose (DNA grade; BioRad), and 0.5 mg of phenmedipham per ml were poured into standard petri dishes (15 ml (3) , using bovine gamma globulin as the standard. Active column fractions were analyzed for purity by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), using the buffer system of Laemmli (17) . After electrophoresis, the gels were stained with silver by the procedure of Morrissey (26) or with Coomassie brilliant blue R-250 (Serva) by the method of Diezel et al. (8) . After purification, the protein was cleaved with cyanogen bromide essentially as described by Gross and Witkop (10) . Cleavage peptides were separated on SDS-polyacrylamide gels by the method of Schagger and von Jagow (30) and electroblotted on Immobilon polyvinylidene difluoride membrane filters (Millipore). Amino acid sequencing of two immobilized protein fragments (peptides PI and PII) was done by the method of Matsudaira (23) (21) .
Southern blot analysis and hybridization. Restriction digests of pHP52 plasmid DNA were separated in 0.8% agarose gels and blotted onto GeneScreen Plus membranes (NEN Research Products) according to the manufacturer's recommendation. The blots were hybridized to the radiolabelled oligonucleotides I and 11 (10 ng/ml) at 40°C in 6 x SSC (0.9 M NaCl, 0.09 M sodium citrate, pH 7.2), lOx Denhardt's solution (15) , 0.5% (wt/vol) SDS, and 100 ,ug of tRNA per ml from baker's yeast (Boehringer Mannheim). Unbound probe was removed by four subsequent washes at 40°C in 6x SSC-0.5% SDS.
DNA subcloning. A 3.3-kb Pstl restriction fragment which was shown to hybridize with oligonucleotides I and TI was separated by preparative low-melting-temperature agarose gel electrophoresis and isolated from the gel matrix (41 fragments of the insert covering the whole coding region of the gene were isolated after electrophoresis and cloned into M13mpl8 and M13mp19 phage vectors. The single-stranded phage DNAs were sequenced by the dideoxy-chain termination method (29) with the Sequenase kit (U.S. Biochemical
Corp., Cleveland, Ohio) and a-35S-thio-dATP (800 Ci/mmol; Amersham) according to the user instructions provided with the kit. The products of the sequence reactions were separated on 6% polyacrylamide-8 M urea gels.
Computer analysis of sequence data. Sequence assembly, data base searches, comparisons, and alignments were done with the GCG SEQUENCE ANALYSIS SOFTWARE PACKAGE version 6.2 (7) Nucleotide sequence accession number. The GenBank nucleotide sequence accession number is M94965.
RESULTS
Isolation and characterization of soil bacteria. A collection of 112 bacterial strains derived from various samples of soils treated with phenmedipham was tested for the ability to metabolize the herbicide by hydrolyzing the central carbamate linkage as depicted in Fig. 1 . For the identification of bacteria performing the desired cleavage reaction, the bacterial suspensions from the soil samples were first plated on MM plates (see below) containing the herbicide in a concentration of 1 g/liter. Because of the poor water solubility of phenmedipham (4.7 mg/liter) and the good solubility of the hydrolysis products, the colonies of the bacteria that degrade phenmedipham were surrounded by clear lysis zones beyond the turbid background of the agar plates. The bacteria showing this lysis effect were grown in liquid MM medium supplemented with the herbicide. The identity of the cleavage products was then confirmed by HPLC analysis of the culture supematants (data not shown).
Among the various isolates cometabolizing phenmedipham, strain P52 was chosen for further analysis. This strain was characterized by Gram staining, light microscopy, peptidoglycan analysis, characterization of cell wall sugars, and evaluation of various metabolic parameters. The bacteria were shown to be gram-positive, immobile, nonsporulating, strictly aerobic, katalase-positive rods of the corynebacterial type. The peptidoglycan was of the type A3a (Lys-Ser-ThrAla), and galactose and rhamnose were identified as cell wall Purification, partial amino acid sequencing, and properties of phenylcarbamate hydrolase of A. axydans P52. Starting from a liquid culture of A. oxydans P52 in MM medium, a method for the purification of carbamate hydrolase to electrophoretic homogeneity was developed. The purification method involved standard chromatographic procedures such as anion-exchange chromatography on DEAE-Sephacel and Mono Q columns (Pharmacia), two gel filtration steps, and ammonium sulfate fractionations as described above. The material from the last purification step typically showed a single band when analyzed by SDS-PAGE (Fig. 2) . By comparing the electrophoretic mobility of the purified carbamate hydrolase with several standard proteins, an apparent molecular weight of 53,000 was determined by SDS-PAGE. The molecular weight of the native enzyme was determined by gel filtration on an FPLC system with a Superose 6 HR 10/30 column. The column was calibrated with RNase A (13,000), chymotrypsinogen A (25,000), ovalbumin (43,000), bovine serum albumin (67,000), and aldolase (153,000). A native molecular weight of 55,000 (+1,500) was determined for phenylcarbamate hydrolase in five independent chromatographic runs. From these data, it was concluded that the enzyme is a monomer.
Because the protein was N-terminally blocked after the first amino acid sequencing attempt, partial amino acid sequences of two cyanogen bromide cleavage peptides were determined by automatic Edman degradation. For peptides PI and PII, H2N-Phe-Ala-Asn-Leu-Asp-Arg-Trp-Thr-GlyLys-Pro-Phe-Val-Asp-Gly-Leu-Asp-Pro-COOH and H2N-Glu-His-Thr-Lys-Phe-Gly-Glu-X-Pro-Leu-Ala-Phe-Tyr-ProVal-Phe-Asp-Glu-COOH, respectively, could be determined as the partial sequences. Amino acid position 8 of peptide PII (marked with an X) could not be identified unequivocally.
Phenylcarbamate hydrolase of A. axydans P52 is plasmid hydrolase-positive colony were replated on phenmediphamcontaining agar plates, about 1 colony in 500 had lost the ability to hydrolyze phenmedipham. From this phenotypic variant (A. oxydans P52PMPH-), a protein extract was prepared which showed no hydrolase activity. There was no obvious difference in the protein pattern of A. oxydans P52 and P52PMPH-as judged by SDS-PAGE. Thus, it was then necessary to investigate whether the phenotypic change was due to the loss of a plasmid encoding the carbamate hydrolase. Starting from five individual colonies ofA. oxydans P52 and A. oxydans P52PMPH-, respectively, small-scale plasmid lysates (2) were prepared. The nucleic acid extracts were cleaved with BamHI and electrophoretically separated in an 0.8% agarose gel. In the extracts from the hydrolasepositive strains, five distinct bands (>15, 3.9, 3.4, 1.0, and 0.9 kb) were clearly visible, whereas no such bands could be detected in the hydrolase-negative strains. This result was further confirmed by cleavage with other restriction enzymes and by electrophoretic analysis of the uncleaved extracts: plasmid bands belonging to the supercoiled, open circular, and linear forms were only visible in the extracts of the hydrolase-positive strains. The plasmid pHP52 was isolated on a preparative scale as described above and mapped with restriction enzymes by single and double digestions. A plasmid map of pHP52, which is 41 kb in size, is shown in Fig. 3 . It was striking that the plasmid was very frequently cleaved by restriction endonucleases containing G+C-rich recognition sequences. As an example, the restriction endonuclease NotI with the 8-bp recognition sequence 5'-GCGGCCGC-3' recognizes 12 cleavage sites in pHP52 DNA (data not shown).
(ii) Localization of phenylcarbamate hydrolase gene pcd on plasmid pHP52 by oligonucleotide hybridization. Deduced from the partial sequences of cyanogen bromide peptides I and II, two oligonucleotides complementary to the coding sequences were synthesized (oligonucleotides I and II, see above). Because of the high G+C content of the pHP52 plasmid DNA, guanosine or cytosine nucleotides were incorporated at the wobble positions. The electrophoretically separated restriction fragments of pHP52 used for the mapping studies were blotted to filter membranes and hybridized to oligonucleotides I and II. Under the hybridization conditions used, a specific signal was obtained with both oligonucleotides which clearly maps to the central part of a 3.3-kb PstI restriction fragment (Fig. 3) .
Cloning ofped gene and its functional expression in E. coli. The 3.3-kb PstI restriction fragment of pHPS2 was isolated by preparative gel electrophoresis and ligated to PstIcleaved dephosphorylated pUC19 DNA. After transformation into E. coli DH5, the subclones pp52Pst and ppS2Pst(inv) were obtained which carried the insert in opposite orientations. To investigate whether thepcd gene was functionally expressed under the control of its own promoter, we prepared crude protein extracts of pp52Pst and pp52Pst(inv) grown in the presence or absence of the lac promoter inductor IPTG (isopropyl-,-D-thiogalactopyranoside). Using the radial diffusion assay, phenylcarbamate hydrolase activity could only be detected in the extract of subclone pp52Pst grown in the presence of IPTG. This suggested that the lac promoter of the vector pUC19 drove the expression of the pcd gene in E. coli and that the A. oxydans promoter was not active.
Substrate specificity of phenylcarbamate hydrolase. The enzyme expressed in E. coli was purified and used for substrate specificity analysis of various pesticidal active compounds containing carbamate or amide linkages. Compounds were incubated with the enzyme, and the release of the respective anilines was measured by HPLC as described above. As depicted in Table 1 , the enzyme exhibited a rather narrow substrate specificity. The diphenylcarbamates phenmedipham and desmedipham (a close analog of phenmedipham) were hydrolyzed at comparable rates, whereas phenisopham as a compound with an additional alkyl substitution at the carbamate nitrogen was not hydrolyzed at a detectable rate. Chlorpropham (CIPC), which contains a carbamate group with aryl and alkyl substitutions, and the acylanilide propanil were hydrolyzed about 100 times slower than phenmedipham. The herbicide diuron was not attacked by the carbamate hydrolase. The striking sequence homology of the carbamate hydrolase with esterases led us to investigate whether the enzyme is active on the typical esterase substrate, p-nitrophenylbutyrate (NPB). Indeed, NPB was readily cleaved in the presence of the carbamate hydrolase. The Km of the carbamate hydrolase for NPB was 25 p,M.
Nucleotide sequence ofpcd gene. A sequence of 1,867 bases within the cloned 3.3-kb PstI fragment was determined in both directions. For this purpose, various subfragments of this region were cloned in M13 as depicted in Fig. 3 . The reading frame of the gene was clearly identified after formal translation of the DNA sequence by the two partial amino acid sequences obtained from the purified protein (Fig. 4) . It ends with a TGA stop codon at base 1789. The only open reading frame that potentially can code for a protein with a molecular weight in the range of 55,000 begins with a GTG start codon at base 310. The putative coding region of the carbamate hydrolase gene is preceded by the sequence AGG, a probable ribosome binding site (33, 37) located 8 bp upstream from the start codon (Fig. 4) . Furthermore, the reading frame was recognized as 100% coding in a computer analysis using the program TESTCODE, which is based on the algorithm of Fickett (9) .
Phenylcarbamate hydrolase ofA. oaydans shows significant sequence homology to esterases of eukaryotic origin. The amino acid sequence of PMPH deduced from the nucleotide sequence of the pcd gene was used as a query sequence in the data base-searching procedure FASTA. This program performs a Pearson and Lipman search for similarity between a query sequence and any group of sequences and lists the best matches according to their scores. The search revealed that the query sequence, which was not present in the data base itself, showed significant homology (>50% similarity, >25% identity) to a set of eukaryotic carboxylesterases (Table 2) . Of the 13 best-matching sequences, 5 esterases of different types and origins were chosen to make sequence alignments (Fig. 5) . Regions of high homology were found in the N-terminal and the central parts of the proteins. A putative active-site serine was identified in all aligned sequences by the consensus sequence Gly-X-Ser-XGly (20) . Besides the active center, the aligned sequences share homology boxes which are highly conserved within several types of carboxylesterases (Fig. 5) . This finding is consistent with the PMPH activity on NPB as a substrate and suggests that phenmedipham carbamate hydrolase can be classified as a carboxylesterase and thus be assigned to the EC sub-sub-group 3.1.1.
DISCUSSION
In a microbial screening starting from soil samples of phenmedipham-treated fields, we isolated A. oxydans P52 as a strain capable of hydrolyzing the central carbamate linkage of the herbicide. A monomeric phenylcarbamate hydrolase of about 55,000 molecular weight was subsequently purified from the bacterium to homogeneity. Plasmid curing experiments revealed that the pcd gene coding for the enzyme resides on the degradative plasmid pHP52 found in A. oxydans P52. Oligonucleotides derived from two partial amino acid sequences of the enzyme were used to localize thepcd gene on a 3.3-kb PstI restriction fragment of plasmid pHP52. Cloning of this fragment with pUC19 as a vector showed that PMPH was only expressed in E. coli when transcribed under the control of the lacZ promoter. This result may indicate that theArthrobacter promoter forpcd is inactive in E. coli. This is in agreement with a report by Roberts et al. (28) (6, 36, 38) . Recent experiments in our laboratory (37a) indicate that the expression of the pcd gene in tobacco confers resistance to the herbicides phenmedipham and desmedipham.
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